Introduction
Tetraalkylphosphonium ionic liquids are a readily available 15 family of ionic liquids that, in many applications, offer superior properties when compared to nitrogen-based ionic liquids. [1] [2] [3] [4] [5] [6] Applications investigated in recent years include their use as extraction and synthetic solvents, electrolytes in batteries, corrosion protection, or in petrochemical applications. The most attention in the literature has been given to the [P6 6 6 14] + cation, [7] [8] [9] [10] as this is commercially available with a range of different anions, and relatively cheap. However, there are very few systematic studies of the physicochemical and thermal properties of ionic liquids prepared with different phosphonium 25 cations. As a detailed systematic analysis of fundamental properties of tetraalkylphosphonium ionic liquids is necessary for future application of these compounds, we report here the properties of a related series of hydrophilic ionic liquids, [P4 4 4 n]Cl, where n = 1-8, 10, 12 or 14 (see Figure 1) , to 30 complement data recently published from our group relating to the hydrophobic [P8 8 8 n]Cl. The variation of length in the variable alkyl chain has been studied with respect to its effect on the density, viscosity, melting points/glass transitions and thermal stability. Related studies based on the alkyltrihexylphosphonium cations will be published shortly. 11, 12 Although there are a few recent papers reporting 40 tetrabutylphosphonium salts with different anions, the most interesting ones feature anions derived from amino acids. [13] [14] [15] However, reports of alkyltributylphosphonium halides date back the 1980s, when Knifton (a Texaco chemist) published a fascinating series of patents and papers in which the "molten were used as the basis for the hydroformylation of internal olefins in the presence of a range of ruthenium catalysts. 16, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Alkyltributylphosphonium halides were successfully applied in late 80s as a biocides 27 or as 50 compounds with microbiological activity for water treatment.
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The series presented here has also been tested for toxicity with respect to a specific group of fungi, by Pereira´s group in Portugal, and these data will be reported elsewhere. 29 Despite the impact of Knifton´s studies, it was not until 1990 55 that tributylphosphine was produced on a large commercial scale.
Since that time, not only have tetrabutylphosphonium chloride and bromide become available on the multi-ton scale, but so have many trialkylphosphines. 7 This manuscript illuminates the versatility and practical applicability of ionic liquids derived from 60 tributylphosphine by making available for the first time a systematic study of their physical and structural properties and contrasts them with those of related tetraalkylammonium salts.
Experimental Instrumental
(bmd 075) is combined with the cyclone 075 (0-2500 rpm) equipped with an electric motor, into a hermetically sealed unit. The controller is equipped with a remote control input for external speed adjustment. The stationary housing of the magnetic drive and the cover plate are welded together and built 5 as one common unit. The cover plate contains pressure relief valve, platinum resistance thermometer (Pt 100), gas inlet tube, pressure gauge and an inlet/outlet tube. The maximum temperature is 250 °C and maximum pressure is 10 bar. Microwave. MicroSYNTH microwave used was manufactured 10 by Milestone (Italy) as the single-mode set up with 20 cm 3 volume vial placed in the TMF safety shield vessel, closed by TMF screw cap and located in the microwave cavity (43 l) at the position with the highest energy intensity allowing rapid heating. Reaction temperature control is provided by an IR sensor (max. pressure. An additional sensor monitors the pressure inside of the cavity. Post-reaction cooling of the reaction mixture is achieved by a constant airflow (1.8 m 3 min -1 ) through the cavity and a stream of compressed air. The MicroSYNTH reaction system is monitored via an external control terminal with a touch screen 25 display utilising the EasyControl 640 software package. The run can be controlled either by temperature, pressure or microwave output (max. 1000 W). The software enables on-line modifications of any method parameter and the reaction process is monitored by an appropriate graphical interface. Agitation is 30 achieved by magnetic stirring (max. 400 rpm) controlled by software. NMR spectroscopy. All NMR spectra were recorded on a Bruker Avance spectrometer DPX 300 at 21 °C, using deuteriated propanone as solvent (10-20 mM solutions for 1 H and 31 P NMR 35 spectroscopy; 30-35 mM solutions for 13 C NMR spectroscopy), referred to TMS for 1 H and 13 C NMR spectra and 85% H3PO4 for 31 P NMR spectra. Mass spectrometry. Most samples were analysed by fast atom bombardment (FAB) spectrometry, performed on with VG- 40 Autospec (Fisons Instruments) in a positive ion mode. Microanalysis. Elemental carbon and hydrogen contents (wt%) were analysed using a Perkin-Elmer Series II CHNS/O 2400 CHN Elemental Analyser, and provided analysis within ±0.3 wt% error. Halide content was determined by dioxygen flask, 45 combustion followed by halide titration with aquous mercury(II) nitrate, using a dicarbazide indicator. Water content. Water content was determined using a Cou-Lo Compact (version 08.05) Karl Fischer titrator, and titration solutions from Riedel-de-Haën. Ionic liquids were tested 50 immediately after drying under high vacuum for 48 h, and the water content was below 750 ppm for all samples. Differential scanning calorimetry (DSC). The melting points and glass transitions of the compounds were measured by DSC, using a TA Instruments Modulated DSC Q 2000 V24. 4 Build 116 55 with refrigerated cooling system RCS 90 capable of controlling the temperature down to 220 K. Dry dinitrogen gas was purged through the DSC cell with a flow rate of ca. 20 cm 3 min -1 . All samples, due to their hygroscopic character, were prepared in a glove box, using Tzero hermetic platinum pans to avoid any 60 contact with air and measured under the same conditions (standard heating and cooling ramp of 5 K min -1 over five cycles). The melting point is taken as the onset of an endothermic peak on heating and the glass transition temperature is taken as the midpoint of a small heat flow change on heating from the 65 amorphous glass state to a liquid state. Thermogravimetric analysis (TGA). Decomposition temperature measurements were performed in a TA Instruments Q50 thermogravimetric analyser. The samples were measured in platinum pans, at a heating rate of 10 K min -1 , in a dynamic 70 mode, under dinitrogen atmosphere. The onset of the weight loss in each thermogram was used as a measure of decomposition temperature (see discussion). The sample size was typically between 7 and 10 mg and sample preparation was similar to that described for the DSC measurments.
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Density measurements. Density was measured with an Anton Paar vibrating tube densimeter, model DMA 4500, operating at atmospheric pressure and within the temperature range 273 to 363 K. The internal calibration of the instrument was confirmed by measuring densities of atmospheric air and doubly distilled 80 water, according to the recommendations of the manufacturer. The DMA 4500 cell was embedded in a metallic block, the temperature of which was controlled by several Peltier units. This arrangement enabled a temperature stability better than ± 2 mK. All ionic liquids used in density determinations were degassed 85 under vacuum and moderate temperature conditions for periods longer than 48 h and were injected into the densimeter into the densimeter immediately after cooling, using non-lubricated disposable syringes. Viscosity measurements. The viscosity was determined using an 90 AMVn microviscometer, Anton Paar, that allows measurements from 273 to 363 K at atmospheric pressure, and over a wide viscosity range (0.3 to 20 000 mPa s). A glass capillary with 4 mm internal diameter with a 3 mm gold/tungsten ball (placed inside the capillary) with density 15 g cm -3 was chosen for this 95 study and an extension of runtime up to 1000 s was required due to the high viscosity of each sample. Temperature was maintained constant to within ±0.01 K by a capillary block with in-built Peltier elements. Since these ionic liquids were extremely hygroscopic, the capillary was always charged in the glove box.
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The capillary/ball system was calibrated with standard viscosity oil (1 Pa s) from PRA. Viscosity measurements were performed in steps of 10 K from 293 K up to 363 K for all ionic liquid samples for which a sufficient amount (ca. 3.5 cm 3 ) was available. Each sample was measured ten times in order to check 105 reproducibility. X-ray analysis. Crystal data for [P4 4 4 3] Cl were collected using a Bruker kappaCCD diffractometer with graphite monochromated Mo-Κα radiation at ca. 150 K in a dinitrogen stream. Lorentz and polarisation corrections were applied. The structure was solved 110 by direct methods and the non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen-atom positions were added at idealised positions and a riding model with fixed thermal parameters (Uij = 1.2Ueq for the atom to which they are bonded (1.5 for methyl)), was used for subsequent refinements. The 115 nature of the disorder in the cation conformations required that restraints be included on all of the P-C, C-C and C-H bond lengths and bond angles to provide a chemically sensible model for the cations. , reflections collected/unique = 7858/2329 (Rint = 0.0821), μ = 2.565 mm -1 , S = 1.065, R1 = 0.0821 (I > 2σ), wR(F2) = 0.2539 (all data). Glove box. All ionic liquids studied here were handled in a dinitrogen-filled glove box (MBraun LabMaster dp; 0.1 ppm < O2 20 and H2O) immediately after drying, and stored there until used.
Materials
The phosphonium ionic liquids presented in this study were synthesised following the procedures described in the next section. Chloromethane (≥99.5%), chloroethane (≥99.7%), 1- Figure 2 ) and by mass spectrometry ( Table 2 ) prior to purification. 3 , respectively. The acid was slowly added into the ionic liquid, while constantly stirring at room temperature, which helped to reduce the amount of foam generated by the evolved CO2 gas. When CO2 evolution ceased, the reaction was considered as complete. The reaction mixture was transferred to a round-bottomed flask (100 cm 3 ) and further dried at 65 °C in vacuo for 48 h. The reaction yield was 91.5% (23.8g); the product was a colourless viscous liquid.
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Synthesis of [P4 4 4 2]Cl. The autoclave glass reactor was charged with a tributylphosphine solution in toluene (see Table 1 ) under a dinitrogen atmosphere, placed into the stainless steel cage holder, and quickly attached to the cover plate. A gas cylinder containing chloroalkane (chloromethane or chloroethane) was 75 connected to the autoclave through the gas inlet tube. The gas and inlet valves were opened after the set up was proved to be tight and the gas flow was maintained at approximately 2 cm 3 min -1 .The reaction mixture was slowly heated over several hours in an oil bath until the temperature inside of the reactor reached 145 80 °C. The pressure in the reactor was built up by an excess of chloroalkane and did not exceed 4 bar with increasing temperature. The gas inlet was closed after approximately one hour and the reaction was maintained at 145 °C for two hours in the case of chloromethane, and for an additional two hours in 85 case of chloroethane. After the reaction was cooled down to room temperature, the pressure was released and the sample for 31 P NMR spectroscopy was taken to check for the disappearance of phosphine signal. The content of the reactor was then transferred to a round-bottomed flask (100 cm 3 ) and dried at 65 C in vacuo 90 for 48 hours. any contact with air while transferring from the Atmosbag ® to the shield vessel. The septum was removed and discarded immediately before the TMS screw cap was attached to the shield vessel. They were then placed inside the microwave cavity. The reaction conditions were: Ramp (5 min) to 180 °C; hold at 180 °C 10 (30 min), medium stirring, 500 W (50% max) power; pressure reached 3 bar. After the reaction was complete and cooled, the product was transferred to a round-bottomed flask (25 cm 3 ) and dried at 65 °C in vacuo for 48 h. (1 mol eq.) and 1-chloroalkane (1.1 mol eq.) were placed in a round-bottomed flask (50 cm 3 ). The mixture was stirred and heated under a reflux condenser connected to a Schlenk line flushed with dinitrogen. The reaction mixture was heated in a silicone oil bath up to 145 °C and maintained for 12 to 16 h, 20 depending on the alkyl chain length of chloroalkane used. In order to remove the excess of starting 1-chloroalkane (CnH2n+1Cl), where n ≥ 5, the purification step involved dissolution of product in water, followed by extraction with ethyl ethanoate. All products were then dried at 65 °C in vacuo 25 for 48 h. Results and discussion
Synthetic procedures
The salts, [P4 4 4 n]Cl, where n = 2, 3, 5, 6, 7, 8, 10 and 12, were prepared by nucleophilic (SN2) addition of tributylphosphine to the appropriate linear chloroalkane. As the tributylphosphine was 5 supplied in 50% (v/v) toluene solution (in order to reduce flammability), the solvent had to be removed when the reaction was complete. The toluene retarded the reaction rate, such that it became close to that of the neat reactions of trioctylphosphine.
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A different, and more convenient, approach was adopted for ( ex Cytec, Canada), which was prepared by the reaction between tributylphosphine and dimethylcarbonate. This can also be prepared easily in the laboratory by a procedure analogous to one described elsewhere. 33 Once formed, this is a The average yield for all the compounds reported in Table 2 was 94 %, with the final purification being the yield reducing step, which was performed to remove the excess of chloroalkane from the product, and consisted in the dissolution of the hydrophilic 25 ionic liquid in water followed by washing with ethyl ethanoate. Water and ethyl ethanoate were then removed on a rotary evaporator and the products were further dried at 65 °C, in vacuo, for 48 h. All liquid products were colourless, while solids were typically white to pale yellow waxes. All the salts [P4 4 4 n]Cl were 30 hydrophilic and dissolved in water.
Nuclear magnetic resonance spectroscopy 31 P NMR spectra. The 31 P{ 1 H} NMR spectra of the alkyltributylphosphonium chlorides (see Table 3 As the tertiary tributylphosphine signal is at -31.06 ppm (most of tertiary alkylphosphines exhibit signals in the δ -30 to -60 ppm range), monitoring of the reactions was very straightforward. The purity of the starting phosphine was determined by 31 P NMR 45 spectroscopy as ca. 95%. The tributylphosphine is industrially prepared (Cytec) by free radical anti-Markovnikov addition of phosphine to 1-butene, 34 but there is a small fraction which proceeds in classic Markovnikov mode, 35 where phosphorus adds to the β-carbon, forming dibutyl(sec-butyl)phosphine (-17.88 50 ppm, Figure 4) . Fig. 4 The 31 P{ 1 H}NMR spectrum (d6-propanone, 120 MHz, 21 °C) with peak assignments for tributylphosphine, tributylphosphine oxide and dibutyl(sec-butyl)phosphine (marked with asterisk). 55 In addition, at +44.90 ppm, traces of tributylphosphine oxide were observed. Its presence indicates the extreme sensitivity of tributylphosphine to aerial oxidation and reinforces the need for exceptional care in handling the phosphine. Table 3 ), solvent is assigned as (*). 70 As the number of methylene groups increases, the shift of the * methyl group at the end of the fourth alkyl substitution moves towards to lower magnetic field until it reaches the multiplet belonging to the methyl groups of the three remaining butyl substitutions on the cation. The multiplet belonging to protons bonded to a terminal carbon visibly split when n = 6, shifting the 5 signal of -CH3 group on the fourth alkyl substituent further downfield, Figure 5 (see Table 3 ). The sensitivity of the unique terminal methyl group is obvious in the 13 C NMR spectra as well, see Table 4 and Figure 6 . With increasing n, the signal of the terminal group approaches that of the remaining methyl groups at 10 n = 4, when the compound adopts tetrahedral symmetry. As n becomes > 4, the signal at +14.23 ppm splits into two signals and remains effectively unchanged up to n = 14. These experiments serve as a justification for assignment of chemical shifts, especially in 13 C NMR. The chemical shifts, when assigned according to 13 C NMR predictor (ChemBioDraw Ultra ® ), 36 were in excellent agreement with results obtained from 
Single crystal analysis
The crystal structure of [P4 4 4 3] Cl has been determined by X-ray diffraction, which confirmed the absence of any solvation. This 40 salt crystallised from its melt in a monoclinic lattice, space group P21/c, with one ion pair in the asymmetric unit (see experimental section). The cation has been refined with a positional disorder of two components (50/50 site occupancy factor ratio), as seen in Figure 9 . For both cation components, the central phosphorus 45 atoms have been modelled as occupying identical positions. When comparing both cation conformations, the propyl chain and one of the butyl chains are located in exchanged regions and these two conformations are randomly distributed throughout the lattice. The conformations adopted within the constraints are consistent with known quaternary phosphonium salts, and the average P-C bond distance in both cation fragments of [P4 4 4 3] Cl structure is 1.80 ± 0.03 Å, in good agreement with those previously reported, 1.79 ± 0.02 Å. 37 In one conformation, the 5 alkyl chains display all-anti conformations, AA, whereas the other conformation has two butyl chains with their terminal methyl groups in a gauche conformation, i.e. the bonds between the third and fourth carbon atoms show marked torsions (dihedral angles = 64 and 83 °, see Figure 9 ), AG.
10
By detailed examination of the crystal structure of [P4 4 4 3] Cl, it has been observed that each cation is surrounded by three chloride anions; see Figure 10(A) . Conversely, each anion is surrounded by three cations; Figure 10(B) . A number of short contacts have been found between the chloride anion and 15 hydrogen atoms in the α position to the phosphorus atom (Figure 10) As seen in Figure 11 , the chloride anions and the phosphorus This is not surprising, given the structural similarity of these salts with the one reported here. The crystal structure of [P4 4 4 3] Cl reported here is, to the best of our knowledge, the first example of a structure of an 50 anhydrous chloride salt of a phosphonium cation bearing only alkyl substituents. It should be noted that the crystal structures of tris(cyclohexyl)methylphosphonium chloride trihydrate 42 and tetramethylphosphonium chloride monohydrate 43 51, 52 chlorides are also known. A comparison between interionic H···X and E···X (E = N or P, X = halide) distances for the salt reported here and for previously reported phosphonium and ammonium salts is shown in Table 5 . 65 Although the number of structures is rather limited, especially for tetraalkylphosphonium halides, some patterns become evident: (1) Strengthening of the hydrogen bonds is observed in the sequence F -> Cl -> Br -> I -, as expected. (2) Increasing anion volumes in the order F -< Cl -< Br -< I -cause, 70 not surprisingly, an increase in the interionic distances. Average H···X distances for all contacts shorter than the sum of Van der Waals radii are listed in Table 5 for both ammonium and phosphonium crystal structures. The overall trend suggests that some degree of hydrogen bonding is present in the structures, 5 decreasing in the F -> Cl -> Br -> I -order. This is consistent with previous statistical studies performed on all structures in the CSD. 54 In the case of iodide, mean H···I distances were found in the 2.97-3.18 Å range, only marginally below the Van der Waals cut-off distance (3.18 Å), thus indicating very weak hydrogen 10 bonding.
The effect of increasing anion size in the F -< Cl -< Br -< I -order is clearly reflected in the increasing E···X (E = N or P, X = halide) distances, as seen in 30 observed for [P10 10 10 10]Br. As the linear alkyl chains increase in length, two competing effects are realised: (i) the electrostatic attraction between the cation and the anion is reduced and (ii) the Van der Waals repulsive forces are increased. In other words, when the chain lengths are below say hexyl, the structure is best 35 described as a simple salt dominated by Coulombic forces, and when the chain lengths above say octyl the structure has a much more covalent nature. In addition the shorter (and disordered) butyl and propyl chains in [P4 4 4 3] Cl are more flexible, as opposed to the rigid, highly ordered (all-anti conformation) decyl 40 chains in [P10 10 10 10]Br.
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Unfortunately, no structures (with 3D coordinates available) for tetraalkylphosphonium iodides (where the alkyl groups are linear) were found in the CSD. However, some crystal structures of alicyclic phosphonium salts were found. [46] [47] [48] In these 45 structures, the iodide anions are relatively close to the phosphorus atom (see Table 5 for minimum P···I distances). If we examine the pair of iodide salts containing spiro and single heterocyclic substituents, the iodide can approach closer to the centre of the spiro compound (4.53 vs. 4.63 Å). It would therefore be expected 50 that the unconstrained tetraalkylphosphonium iodide would have a separation of about 4.73 Å, much shorter than the analogous bromide at 4.86 Å. In spite of the larger ionic volume of iodide as compared to bromide, the former appears to approach much closer to the phosphorus atom than the latter. 55 Data for tetraalkylammonium halides further confirm the aforementioned effects of the alkyl substitution and/or the ring strain on the interionic separation. For example, the shortest N···Cl distances in [N2 2 4.36 and 4.28 Å), despite the fact that each cation type contains the same number of carbon atoms. This demonstrates that the presence strained rings around the central atom allows for a closer approach of the halide anion. These trends are further confirmed for bromide and iodide salts, where sufficiently large 65 amount of crystal structures were found in the CSD. These data have been arranged into groups owing to the nature of the N-alkyl substituents (spiro vs. cyclic vs. non-cyclic, and for non-cyclic, according to the number of N-methyl substituents), as can be seen in Table 5 . For cyclic cations, the minimum N···halide distances 70 found reveal the same trend as discussed above for phosphonium iodides: the larger the ring strain, the closer the halide approach to the nitrogen atom. For example, whereas for the spiro compound [Ncyclo-4 cyclo-4]Br 55 (see Table 5 for cation name) the bromide anion is as close as 4.120 Å, the range of minimum 58 a separation noticeably longer than for other N-methyl containing salts (4.06-4.10 Å range, see Table 5 ). The more sterically compact and 10 symmetrical tetramethylammonium cation prevents the halide ion approaching too close to the nitrogen, compared to the situation with longer more flexible chains. Figure 12 ) is 2.29 Å, effectively blocking the approach of the chloride anion to the nitrogen atom despite the presence of hydrogen bonding. In contrast, the Hα···Hα´ separation in the phosphonium cation (also for those hydrogen atoms shown in 40 Figure 12 ) is 2.69 Å, allowing a much closer approach of the chloride ion despite (or because of) the longer carbon-phosphorus bond. In other words, the more open structure around the phosphorus allows a deeper penetration of the halide ion through the protective "shrubbery" of the alkyl groups than is permitted 45 by the closed structure around the nitrogen atom. These crystallographic observations were anticipated by an elegant computational study by Hunt and co-workers.
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DSC and TGA measurements 50 The melting (Tm) and glass transition temperatures (Tg) for [P4 4 4 n]Cl were measured by differential scanning calorimetry, see Table 6 . The trends of Tm and Tg as a function of n are illustrated in Figure 13 . All compounds (with the one exception, [P4 4 4 10]Cl), exhibited distinct melting points with four of them 55 very close to, or just below, room temperature, see Figures 14(A)  to 14(C) . Ionic liquids, with n = 1 or 5-14, also displayed glass transitions.
Compounds with n = 1, 5 or 7 exhibited crystallisation above their glass transitions, see Fig. 14(A) . [P4 4 4 10]Cl, as the only exception, formed a glass at -50.4 °C with 60 no apparent freezing or melting transitions see Fig. 14(D) . The thermal decomposition temperatures are listed in Table 6,   5 for [P4 4 4 n]Cl. While the decomposition temperatures of phosphonium ionic liquids vary with the counter ion, 7 the alkyltributylphosphonium chlorides under investigation here appear to show dynamic thermal stability around 342 ± 17 °C (four TGA scans are shown in Figure 15 , as examples). temperature as a function of n, which on average is increasing with increasing alkyl chain up to n = 5. 
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This reflects, as seen in the crystallographic section the greater resistance to the chloride ion approaching the α carbon atom. As the decomposition mechanism involves an SN2 reaction (reversing its formation from the free phosphine and chloroalkane), the difficulty of approach of the chloride to the α 25 carbon results in a more thermally stable material. For chain lengths where n > 6 the distance of closest approach reaches a plateau, as does the thermal stability. As n > 8 the cation becomes slightly less stable with the transparent anomaly at n = 10, for which we have no explanation. 30 Tsunashima et al. anions are unable to penetrate so close to the inner carbon atoms, and are also less nucleophilic than the chloride ion.
Density and molar volume
Density measurements upon [P4 4 4 n]Cl, where n = 1, 6, 8, 10 and 12 (selected as the ones liquid at room temperature) were carried 40 out over a broad range of temperatures (293.15 < T/K < 363.15) at atmospheric pressure, and data are reported along with the corresponding molar volume, Vm, Table 7 . The repeatability of the density measurements was better than 5×10 -5 g cm -3 . These densities are in the range of 0.87 to 0.96 g cm -3 over a 45 temperature range of 293.15 to 363.15 K. All the studied ionic liquids have densities less than water and all decrease with increasing n, see Figure 17 , and with increasing T, see Figure  18 . Experimental density data were fitted into the extended Ye and 55 Shreeve equation 61 proposed by Gardas and Couthino, 62 which is applicable over a wide range of temperatures 273 -393 K, and pressures, 0.10 -100 MPa, according to Eq. (1):
where M is the formula mass in g mol -1 , NA is Avogadro´s number, V molecular is molecular volume in units of 1×10 -27 cm 3 , T is the temperature in K, and P is the pressure in MPa. For the density prediction from molar volume, using Eq.(1), an average absolute deviation (AAD) of 0.23 % with the maximum deviation (MD) 0.39 % was observed for 37 density data points (Np), studied of 5 ionic liquids, where AAD is defined as, Eq. (2):
The volumetric behaviour of phosphonium ionic liquids can be 
The phosphonium ionic liquids presented in this study were 15 divided into three groups, according to their structure, 11 and each group is represented as a function of temperature according to the following Eq. (4):
Vm and is considered compose of contributions from [P1111] + ,
20
-(CH2)n-and Cl-, hence the over all molar volume is represented by Eq. (5):
The parameters A and B can be obtained by a group contribution method according to Eq.xy. Eq. (6) and Eq. (7):
where ni is the number of groups of type i, and the parameters ai and bi were previously estimated by Adamová The relative deviations between the calculated and experimental data as a function of experimental molar volume for all data points are shown in Figure 22 . For 37 data points of five phosphonium ionic liquids, the overall AAD is 0.39% and MD is 0.80% ( Table 9 ). compounds (AAD = 0.13% and MD = 0.28%), 11 which is most likely caused by much higher viscosity and mobility of [P4 4 4 n]Cl ionic liquids.
Thermal expansion coefficient
The evolution of the volumetric properties with temperature can 5 be expressed by calculating the coefficient of thermal expansion, αp, defined as, Eq. (8):
Plots of ln (ρ) as a function of temperature, Eq. (9) (fitting equation parameters can be found in Table 10 ) for the studied 10 ionic liquids have a quasi-linear fit, being almost parallel to each with similar thermal expansion coefficients, αp, given in Table  10 .
ln( Table 10 , as found in previous studies. 10, 67, 68 The comparison of these data with related systems will be published elsewhere. The viscosity of ionic liquids is significantly influenced by the strength of both the van der Waals interaction forces and hydrogen bonding, but the chemical structure of the anion is known to have a strong influence, too. For example with 1,3-dialkylimidazolium halides, their high viscosity has been ascribed 35 to an extensive three-dimensional hydrogen bonding network. 70 The viscosity has also being been shown to be a colligative property, decreasing as a function of the number of moles of solute (either water or organic molecules). 71 Viscosities of [P4 4 4 n]Cl, were measured at temperatures 40 between 293.15 to 363.15 K ( see Table 11 ). Viscosities decrease with increasing n, as illustrated in Figure 23 . Moreover, the results indicate that their viscosity decreases markedly with temperature increase. For example, for [P4 4 4 12] Cl, increasing the temperature by 10 K from (293.15 to 303.15) K decreases the 45 viscosity by 57 % and increasing it by 70 K lowers it by 98 %, (see Figure 24 and 25) . The Vogel-Fulcher-Tammann (VFT) equation, Eq. (10), which has been successfully used to model the temperature dependence of ionic liquid viscosity for many years, 72, 73 was applied to the data in Table 10 and the fit is presented in Figures 24 and 25, 55 and Table 11 .
where η is the viscosity in mPa s units, T is temperature (K), A, B and T0 are adjustable parameters.
The ratio of parameters B and T0, B/T0, is also known as the 60 Angell strength parameter. The parameters A, B and T0 were optimised by minimising the following objective function (OF), Eq. (11):
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The AAD and MD values are presented in Table 12 . The values of the parameter T0 are between 105 to 160 K. The experimental viscosity data are plotted against data calculated from Eq. 10 with the fitted data in Table 12 Relative deviations between the calculated and the experimental viscosity data are presented in allows a comparison to be made with its tetraalkylammonium analogues. The combination of electrostatic attraction, hydrogen bonding and steric repulsion leads to a delicate balance between these forces. The shorter nitrogen carbon bonds of the tetraalkylammonium structures leads to a sterically compressed 40 "shell" of methylene groups, which prevent the close approach of the chloride ion that might have been expected from a facile 
